Poor aqueous solubility limits the bioavailability of hydrophobic drugs. Thus, there is an increasing interest in new micelle-forming, drug-solubilizing molecules that can offer improved effectiveness and safety. The effect of 13 saponin extracts on the solubility of fenofibrate and danazol was studied and the relationship between saponin molecular structure and drug solubilisation capacity was assessed. Drug solubility was measured by high-performance liquid chromatography and saponin solubilisation capacity was compared to the conventional surfactant Brij-35. Saponins from Quillaja saponaria and Camellia oleifera improved the aqueous solubility of danazol and fenofibrate by more than two orders of magnitude. For danazol, the solubilisation capacity of the best saponins was 2-3 times higher than Brij-35, whereas for fenofibrate, it was slightly lower than the reference surfactant. Both drugs were solubilized very effectively by bidesmosidic oleanane saponins, whereas dammarane, mono-and tri-desmosidic oleanane saponins and steroid (furostanol and spirostanol) saponins had no effect on drug solubility. Exceptions were fenusterol, a furostanol saponin and escin, a monodesmosidic oleanane saponin, which solubilised danazol only.
Research Paper
More than 40 % of the orally administered immediaterelease drug products are characterized by poor aqueous solubility [1] . The slow and incomplete dissolution of such drugs in the gastrointestinal fluids limits their oral bioavailability and is one of the main problems in drug development [2, 3] . One of the classical approaches to improve the aqueous solubility of hydrophobic drugs, which is still being widely used in the pharmaceutical industry, is to solubilize them in surfactant micelles [4, 5] .
The surfactants most frequently used in conventional oral dosage forms are synthetic, such as polysorbates, sortbitan esters, polyoxyethylene alkyl ethers and sodium lauryl sulphate [6] [7] [8] . However, there is an increasing interest in finding new micelle-forming, drugsolubilizing molecules that offer improved drug-loading capacity, lower toxicity and greater drug stability [9] [10] [11] . One of the approaches that have attracted significant attention is the polymeric micelles [12] . The latter are formed by block-copolymers with great structural and functional diversity, which allows the development of non-toxic, targeted, stimuli-responsive drug delivery vehicles for a broad variety of drugs [12] [13] [14] . Another recent finding is that the diglutamic acid-fatty acid family of surfactants enhanced strongly the solubility of poorly water-soluble anticancer drugs, while maintaining low toxicity profile [11] . Promising results were obtained also with hydrophobically-modified polysaccharides: amphiphilic molecules formed by conjugation of a polysaccharide (e.g. pullulan, cellulose, dextran, heparin) with a hydrophobic moiety (e.g. fatty acids, bile acids, cholesterol, polylactides) [15] . For example, amphiphilic carboxymethylpullulans, CMP 49 C 8 and CMP 12 C 8 were shown to solubilize docetaxel as effectively as the Tween 80:ethanol:water vehicle used in a commercial formulation (Taxotere ® , Aventis Pharmaceuticals Inc.), and also provided lower cytotoxicity [10] .
In the current article, the solubilisation of hydrophobic drugs by saponins was investigated. Saponins are a diverse family of natural surfactants, which are present in a wide variety of plants [16, 17] . The saponin molecules consist of a hydrophobic region, called aglycone, which is linked to one or several oligosaccharide (sugar) chains that build the hydrophilic part of the molecule.
The saponins are classified depending on the type of aglycone (triterpenoid or steroid) and the number of attached sugar chains. Most of the saponins have two sugar chains (bidesmosidic saponins), some have one sugar chain (monodesmosidic type) and in rare cases, three sugar chains.
Because of their amphiphilic nature, saponin molecules form micelles in aqueous solutions. The size, shape, and structure of the saponin micelles depend on their plant origin, temperature, pH, electrolyte concentration, and so forth [18] [19] [20] [21] . Experiments showed that the micellar solutions of saponins, extracted from the tree Quillaja saponaria, are able to efficiently solubilize large hydrophobic molecules such as cholesterol, phytosterols, phenanthrene, and others [20] [21] [22] . A number of studies have demonstrated the ability of saponins to solubilize molecules with similar structure like other saponins or aglycones [23] [24] [25] [26] [27] . Walthelm et al. found that saponins did not increase strongly or consistently the solubility of several hydrophilic (Log P<2) model compounds from plant origin [28] . However, so far there is no systematic study on the solubilisation of hydrophobic drugs by saponins.
Saponins are also known to act as intestinal permeation enhancers [29] . Model experiments with Caco-2 cells showed increased permeability in presence of glycyrrhizin [30] or Quillaja saponins [31] , via a transcellular mechanism. Again, water-soluble model compounds were used in these studies and thus the effect of saponins on the aqueous solubility and its influence on the permeation was not assessed.
When screening for a novel pharmaceutical excipient, one of the major concerns is toxicity. Significant advantage of saponins is that they are very poorly absorbed upon oral ingestion [32] , thus reducing the probability for systemic toxic effects. For example, saponin extracts from Q. saponaria are approved as a food additive in the USA (FEMA no. 2973) and EU (E999), and find application as emulsifiers and foamers in food technology.
The maximum level of use of Q. saponaria extracts in foods is relatively high, 500 mg/kg, which further confirms their possible application in drug delivery. Ryokucha saponins from Camellia sinensis (green tea) demonstrated lower oral toxicity, compared to Quillaja saponins in rats [33] . Other saponins obtained from Dioscorea zingiberensis, Amaranthus cruentus and Medicago sativa also showed low toxicity upon oral ingestion in rats [34] [35] [36] .
In veterinary medicine, saponins from Q. saponaria are used as potent adjuvants for vaccines [37] . This breakthrough was allowed by the thorough investigation of the haemolytic properties of Quillaja saponins, which demonstrated that haemolysis depends on the type of saponin fraction [38] . Thus, saponins could be used also for other routes of drug delivery, different from oral, after sufficient purification and fractionation.
Therefore, the major aims of this study were to characterize the ability of saponin extracts to enhance drug solubility and to investigate the relationship between saponin molecular structure and drug solubilisation capacity. The model poorly-water soluble drugs we chose to study were fenofibrate and danazol, which are class-II compounds, according to the Biopharmaceutical classification system (BCS), and thus have very low aqueous solubility and good membrane permeability [1] . Furthermore, fenofibrate and danazol are very frequently used as model poorly-water soluble drugs in research, which can allow comparison between the saponins and other strategies for enhancement of oral absorption [39] [40] [41] . The effectiveness of the saponin extracts was compared to a standard surfactant-polyoxyethylene (23) lauryl ether (Brij-35), which has low toxicity and is used in a variety of drug delivery applications [42] [43] [44] . The strength of the saponin-drug interactions was assessed by calculating the change of the standard chemical potential of the drug upon its solubilisation in saponin micelles.
MATERIALS AND METHODS
A total of 13 saponin extracts from 10 different plants were tested as solubilizing agents. We chose to study a wide range of saponins, which differ in the type of the aglycone and/or the number and type of oligosaccharide chains, in order to investigate the relationship between saponin molecular structure and drug solubilisation capacity. Table 1 [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] contains information about all studied saponin extracts, trade name, abbreviation used in the text, supplier, origin of the plant extract, part of the plant which was processed, concentration of saponins in each extract, predominating chemical structure and critical micelle concentration (CMC). Five of the studied extracts were highly purified with saponin content above 80 % and 8 were crude extracts (saponin content between 20 and 53 %). The crude extracts were composed by a complex mixture of saponins and other natural components as polyphenols and, carbohydrates [58] . The role of the crude extracts in the study was to provide 1 and 0.8 μg/ml for danazol [7] and fenofibrate [8] , respectively.
Mobile phase solvents for high-performance liquid chromatography (HPLC) analysis included methanol (HPLC grade, 99.9 %, Sigma-Aldrich) and deionized water, filtered through 450 nm nylon filter. All aqueous solutions and phases were prepared using deionized water from water-purification system Elix 3 (Millipore, USA).
Drug solubility in micellar solutions:
To determine the equilibrium drug solubility in presence of saponins, excess amount of drug (1.5 mg/ml) was added to a freshly prepared solution (10 ml) of saponin extract or Brij-35. The concentration of saponin or Brij-35 in most of the experiments was 0.5 wt %. The mixture was then stirred with a magnetic stir bar at 400 rpm for 24 h in a water bath, equipped with external temperature probe with an accuracy of ±0.2°, set at 37.0°. After incubation, the suspension was filtered through 200 nm nylon syringe filters to eliminate all undissolved particles. These filters were pre-heated at 37° in an incubator. The clear aqueous phases obtained after filtration were stored in HPLC information on the solubilisation capacity of saponin types that were not available as highly purified extracts, and also to compare the solubilisation properties of pairs of crude and purified extracts, obtained from the same plant. The latter was necessary in order to check if saponin molecules were the ones that govern drug solubilisation. Quillaja dry 100 NP (QD) and fraction C (FC) extracts were obtained from Q. saponaria and contained 26 and 99 % Quillaja saponins, respectively, whereas horse chestnut extract (HC) and escin (ESC) are Aesculus hippocastanum extracts containing 20 and 95 % saponins, respectively. The saponin content of each extract in Table 1 was taken into account when calculating the saponin concentration in the solubilisation experiments.
A classical surfactant of the alcohol ethoxylate typepolyoxyethylene (23) lauryl ether, Brij-35 (SigmaAldrich) was used as a reference for comparison of the effectiveness of saponin solutions. Two hydrophobic drugs were used, both products of Sigma-Aldrich with purity ≥98 %, fenofibrate (molecular weight, MW=360.8 g/mol) and danazol (MW=337.5 g/mol). Both drugs have very low aqueous solubility i.e. [45] ; ' b ' assumed to be the same as for QD vials that were thermostated at 37° in a water bath. All samples were kept in the water bath at 37° until they were analysed on the HPLC. Every step of the procedure before the HPLC analysis was performed at a constant temperature of 37±0.2°.
To check if equilibrium solubility is reached for 24 h, the solubility of fenofibrate in 0.5 % solutions of several saponins (QD; tea saponin, TS) was measured at 24, 48 and 72 h. No significant difference in the results was observed, as a function of time. No chemical changes in the structure of the drugs occurred when they were solubilized in the saponin extract solutions: a single peak, identical with the drug standard was found in the HPLC chromatograms of all studied saponin extracts.
Solubilisation capacity:
The solubilisation capacity of the studied saponin extracts was defined as Eqn. 1 [59] , χ = (S tot -S w )/(C S -CMC)×1000, where Stot is the measured molar drug solubility in the presence of saponin, S w is the intrinsic aqueous solubility of the drug, C s is the saponin molar concentration, and CMC is the critical micelle concentration of the saponin extract. This definition of the solubilisation capacity gives the number of drug molecules solubilized per 1000 saponin molecules. Note that the subtraction of S w and CMC from Stot and C s , respectively, allows us to consider only the drug and saponin molecules that are incorporated in the micelles. To calculate the molar concentration of saponins the molecular mass of the predominating saponin in the extract was used. Although this approach is not completely accurate as the used extracts contain a mixture of saponins, it allows quantitative comparison of the molar solubilisation effectiveness of the different saponin extracts. The used average molecular mass of the saponins is as follows: 1131 g/mol for ESC and HC, 1287 g/mol for TS, 1650 g/mol for FC and QD, 817 g/mol for berry saponin concentrate (BSC), 55 g/mol for sapindin (SAP) and 577 g/mol for fenusterols (FEN).
As follows from Eqn. 1, the solubilisation capacity can be determined from experiments at constant saponin or surfactant concentration, as long as the dependence of S tot on C S is linear [59] . Thus, most of the experiments for determination of solubilisation capacity were performed at constant saponin concentration of 0.5 wt %.
RESULTS AND DISCUSSION
The solubilisation capacity of the purified and crude saponin extracts is presented in fig. 1A and B, respectively. In general, danazol was solubilized much more efficiently than fenofibrate by almost all of the studied saponin extracts, regardless of their saponin content. For both drugs, best solubilisation was observed in presence of Q. saponaria (FC) and C. oleifera saponins (TS), whereas saponins from Glycyrrhiza glabra (glycyrrhizic acid ammonium salt, LC) and Panax ginseng (ginsenosides, GS) did not increase drug solubility to detectable levels ( fig. 1A) . Interestingly, the A. hippocastanum saponin ESC had very different solubilisation capacity depending on the type of drug molecule: fenofibrate was not solubilized at all, whereas there was strong effect for danazol, χ=23 mM/M.
Similarly to the results obtained with purified saponins, best solubilisation of both studied drugs was obtained by Q. saponaria crude extract (QD, fig. 1B ). The crude A. hippocastanum extract also displayed selectivity toward the type of drug molecule: very low solubilisation for fenofibrate, whereas danazol solubility was improved significantly. The latter finding is in accordance with the results obtained with pure ESC, fig. 1A . Some selectivity towards danazol was found also for Trigonella foenum-graecum saponin extract (FEN), although the measured danazol solubilisation capacity was small. Saponin extracts from Sapindus trifoliatus (SAP) and S. mukorossi (BSC) also had small effects on the solubility of both studied drugs, while no solubilisation at all was observed in presence of Acacia concinna (Ayurvedic saponin concentrate, ASC) and T. terrestris saponin extracts (Prototrib, PT and T. terrestris extract, TT).
The comparison between the danazol solubilisation efficiency of the saponins and the conventional surfactant shows that FC (χ=29 mM/M) and TS (χ= 19 mM/M) have about 3-fold and 2-fold higher danazol solubilisation capacity than Brij-35 (χ=11 mM/M), respectively ( fig. 1A ). For fenofibrate, the solubilisation capacity of TS (χ=16 mM/M) was slightly lower than Brij-35 (χ=21 mM/M). FC also displayed smaller fenofibrate solubilisation capacity (χ=13 mM/M) than Brij-35.
As both of the drugs studied were high dose drugs (100-200 mg per single dose), they required significant amount of saponins for solubilisation. For example, 100 mg dose of danazol can be formulated in a 7 wt % Quillaja saponins solution with volume of 200 ml.
However, drugs with similar structure and properties, but much lower single dose, such as many of the female hormones used in oral contraception products, could be efficiently solubilized in saponin solutions. Such drugs, for example, are ethynylestradiol (0.03 mg single dose) or dienogest (2 mg single dose). Thus, the studied saponins should be able to adequately solubilize low-dose drugs.
Several of the studied saponins increased significantly the solubility of both studied drugs ( fig. 1 ). The best performing crude saponin extract QD managed to increase the aqueous solubility of danazol and fenofibrate by 150 and 100 times, respectively, at a concentration of 12 mM. These results are contrary to the findings of Walthelm et al., who showed that saponins with various structures and plant source have small effect on the aqueous solubility of a number of model compounds [28] . The major difference that can account for the discrepancy between the two studies is that the drugs used in our study are very hydrophobic (log P>4), whereas the model compounds used by Walthelm et al. are relatively hydrophilic (log P < 2). Most likely, the hydrophobic nature of fenofibrate and danazol renders their incorporation in the saponin micelles energetically favourable, resulting in the measured strong increase of their aqueous solubility. Furthermore, the authors did not study Quillaja or tea saponins, while we showed that these are the most potent solubilizers. The molecular-level interpretation of the obtained results was not a trivial task for a number of reasons. One of the main issues was to check whether the saponins are responsible for micellization and, consequently, for drug solubilisation. This was due to the fact that part of the studied saponin extracts are crude (saponin content of 20 to 53 %) and contain a variety of other substances. Furthermore, each extract contains a wide variety of saponin molecules, which differ mainly by the number and type of sugar chains, but also by the number of double bonds and methyl groups in the aglycone.
Thus, the following discussion will be focused on two questions: 1. do saponins govern the solubilisation properties of the solutions? 2. How do the molecular structures of the drugs and the saponins (type of aglycone, number of sugar chains) determine the solubilisation capacity? Finally, the thermodynamic aspects of drug solubilisation by saponins, emphasizing on the energy gain of the system upon incorporation of a drug molecule in the micelle, will be addressed.
All of the studied saponin extracts were standardized with respect to their saponin content by the manufacturer. However, they usually contain additional substances: for example, Q. saponaria extracts contain polyphenols, phenolic acids, polysaccharides and calcium [58] . It was therefore necessary to validate that the measured enhancement of drug solubility was due to drug solubilisation in saponin micelles.
To address this issue, the solubilisation capacity of pairs of crude (20-26 % saponins) and purified (95-99 % saponins) extracts obtained from two different plants (Q. saponaria and A. hippocastanum) was compared. Another important difference between the two pairs of saponin extracts was that they were produced by extraction of very different parts of the plants: seeds for A. hippocastanum and bark for Q. saponaria. Thus, the crude extracts should have very different phytochemical profile of concomitant substances (e.g. lipids and polysaccharides for the seeds; tannins and catechins for the bark).
The obtained results clearly showed that crude and purified saponin extracts have the same solubilisation capacity. Therefore, it could reasonably be concluded that the ability of saponin extracts to enhance drug solubility was due exclusively to the presence of saponin molecules. The other substances in the crude extracts appeared to have insignificant effect on the measured drug solubilisation.
The studied saponins have triterpenoid or steroid structures. The triterpenoid saponins have oleanane (structures A-C) or dammarane (structure D) type of aglycones, whereas the steroid saponins are of spirostanol (structure E) or furostanol (structure F) type. The number of sugar chains, attached to the aglycone, varies between 1 and 3 for the different saponins (figs. 2 and 3, Table 1 ).
The experiments performed with highly purified extracts ( fig. 1A) clearly demonstrated that bidesmosidic oleanane saponins (structure B) efficiently solubilised both drugs studied. In contrast, dammarane and monodesmosidic oleanane saponins (structures A and D) had no effect on drug solubility. Exception is ESC, which showed high solubilisation capacity for danazol only.
The results obtained with crude saponin extracts ( fig. 1B) provided additional information about the structure-activity relationship of the saponins. The general picture is in excellent agreement with the trends observed for the highly purified extracts: saponins with structure B (bidesmosidic oleanane) are most efficient in drug solubilisation, whereas all other studied saponins (mono-and tri-desmosidic oleanane, dammarane and steroid saponins) have no effect on drug solubility. It was found that higher drug solubilisation capacity is related to higher solvent accessible surface area of the best saponins.
The general observation that bidesmosidic oleanane saponins have the highest solubilisation efficiency is strictly valid for fenofibrate, whereas for danazol there are two exceptions. The first one is the solubilisation of danazol by HC and ESC, which are both extracts of A. hippocastanum and contain monodesmosidic oleanane saponins as the primary component. The other is the effect of FEN (a furostanol saponin), which could be explained by the high structural compatibility between the steroidal structure of this saponin and danazol, which is also steroidal in nature.
1 H-nuclear magnetic resonance spectroscopy of danazol and fenofibrate solubilized in FEN or ESC micelles would provide useful structural information about the location and orientation of the drug molecule in the micelles and could reveal the reason for the selectivity of these saponins towards danazol. However, such investigation is beyond the scope of the present study.
In summary, both the drugs studied were solubilized very effectively by triterpenoid saponins of the oleanane type with two sugar chains (bidesmosidic oleanane saponins). No solubilisation was observed for dammarane, mono-and tri-desmosidic oleanane saponins and steroid (furostanol and spirostanol) saponins. Exception was danazol, which was solubilized preferably by a furostanol saponin extract (FEN) and one monodesmosidic oleanane saponin (ESC). In respect to the effect of drug structure on solubilisation, it was shown that danazol is solubilized much more efficiently than fenofibrate by almost all of the studied saponin extracts ( fig. 1) . The latter could be due to the structural similarity between the steroidal danazol molecule and the triterpenoid/steroid saponin aglycones. In contrast to these non-aromatic structures, fenofibrate contains a large planar moiety consisting of two aromatic rings with a carbonyl group in the middle (Ph-CO-Ph), which is apparently more difficult to pack in between the saponin molecules in the micelles.
The obtained results for the transfer energies of drug molecules from crystal to solution, ∆μ 0 cr/sol and from aqueous environment to micelles, ∆μ 0 w/mic , are presented in Table 2 . These transfer energies represent the change in the standard chemical potential of the drug molecule upon its transfer from one media (drug crystal or aqueous molecular solution) into the surfactant micelles. For both studied drugs, the transfer of one drug molecule from the aqueous environment to the micelle was associated with a considerable energy gain, which was similar for all studied saponins: ∆μ 0 w/mic = -11 to -13×kT, where kT is the thermal energy. These similar values of the energy gain for solubilisation of two chemically very different molecules (danazol and fenofibrate) suggest that the drug-saponin interactions in the micelle are of similar type and magnitude. In support of this explanation, the molecular weight of the studied drugs is comparable (360.8 and 337.5 g/mol for fenofibrate and danazol, respectively) and it is known that the van der Waals and hydrophobic interactions are both approximately proportional to the molecular size.
For danazol, the decrease in ∆μ 0 w/mic for the best saponin extracts FC, TS and QD (13.2, 12.8 and 13.0×kT, respectively) was higher than that of the synthetic surfactant Brij-35 (12.2×kT), demonstrating once again the better effectiveness of these saponins, compared to the reference surfactant. The energy gain upon fenofibrate solubilisation in the micelle of Brij-35 (13.2×kT) is greater than that of FC and TS (12.6 and 12.9×kT, respectively), which is in agreement with the better solubilisation of fenofibrate by the reference surfactant. of the molecule upon this transfer. For both studied drugs, the energy increase upon transfer of a molecule from crystal into molecular aqueous solution (without micelles) was very strong, ≈17×kT. This effect is due to the unfavourable interactions between the hydrophobic drug molecules and the polar water molecules, and causes the very low aqueous solubility, 1 and 0.8 μg/ml for danazol [7] and fenofibrate [8] , respectively. In contrast, the energy increase was three to five times lower when the drug molecule was transferred from the solid phase into the micellar solution of saponins or Brij-35, ∆μ 0 cr/sol = 3 to 6×kT, for both studied drugs. The presence of hydrophilic and hydrophobic regions in the micelles allows the hydrophobic drug molecule to minimize its energy in respect to the hydrophobic, van der Waals and steric interactions (packing). As a consequence, the increase of ∆μ 0 cr/sol was much smaller when the drug molecule was transferred from crystal to micelle environment, compared to the crystal-water transfer.
The drug molecule can be solubilized in different regions of the micelle [59, 60] such as in its hydrophobic core, in the palisade layer, on the outer micellar surface or within the polyoxyethylene chains (for Brij-35). Determination of the exact locus of drug solubilisation required extensive knowledge of the molecular organization of saponin micelles, which is beyond the scope of the present study.
To conclude, the effect of 13 saponin extracts obtained from 10 different plants on the solubilisation of two poorly-water soluble drugs, fenofibrate and danazol was systematically studied. Two highly purified saponin extracts (FC and TS) improved the solubility of both danazol and fenofibrate considerably. The latter result is encouraging, as FC was already studied in clinical trials as a vaccine adjuvant in humans [61] and is known to have low oral toxicity. It is already in use as a food additive in USA, (FEMA no. 2973) and (EU E999). In addition, ESC saponin was found to enhance greatly danazol solubility, while having no effect for fenofibrate.
Both of the drugs studied were solubilized very effectively by bidesmosidic triterpenoid saponins of the oleanane type. Steroid saponins showed no effect on fenofibrate solubility, whereas danazol was solubilized by a steroid saponin of the furostanol type. Calculation of the transfer energy of drug molecule from aqueous environment to micelle, ∆μ 0 w/mic , showed that drug solubilisation in saponin micelles is driven by a considerable energy gain, ∆μ 0 w/mic = -11 to -14×kT.
